Background:
The nicotinic acetylcholine receptors (nAChRs) and glutamate receptors are ligand-gated cation channels composed of five separate polypeptide chains. A 43 kDa protein of unknown function is noncovalently associated with the cytoplasmic side of nAChR in viva. The 'venoms of many wasps and spiders contain toxins that block the activity of these channels. is a non-competitive channel blocker found in the venom of the wasp Philanthtrs. We have used a photolabile derivative to investigate how interacts with nAChRs. Results: A radiolabeled PhTX analog, containing a photolabile group substituted on one of its aromatic rings, photocrosslinked to aII five subunits (a, a', p, y, 6) of purified nAChR in the absence of the 43 kDa protein. In the presence of the 43 kDa protein, the a subunit was preferentially labeled. Proteolysis of the receptor after crosslinking indicated that the hydrophobic end (head) of the analog bound to the cytoplasmic loop(s) of the a-subunit.
Binding is inhibited by other non-competitive channel blockers such as the related polyamine-amide toxins from spiders and chlorpromazine. Conclusions:
These results, coupled with previous structure/activity studies, lead to a putative model of the binding of PhTx and related polyamine toxins to nAChRs in vitro.The 43 kDa protein appears to influence the orientation of toxin binding. Further binding studies are necessary to confirm the model and to define how toxins enter the receptor and how they are oriented within it. A precise understanding of ligand/receptor interaction is crucial for the design of drugs specific for a particular subtype of receptor. and non-radioactive effector (as described below) were mixed with Torpedo nAChR (0.25 pM) purified with a-cobrotoxin affinity chromatography. After incubation for 30 min at 4 'C, carbamylcholine (13 pM) was added to the mixture of toxin/receptor.
Introduction
The resulting mixture was further incubated for 4 h at 4 'C, followed by 20 min UV-irradiation at 254 nm at 4 "C. After SDS-PAGE of irradiated nAChR, the dried gel was subject to autoradiography. Lane 1 is a picture of a Coomassie blue stained gel of nAChR.
Lanes 2-9 are autoradiograms of gels. was the major labeled component of nAChR crosslinked with analog 2, whereas y and 6 subunits were only weakly labeled (Fig. 5b, lane 11) ; note that the cytoplasmic protein was also labeled. Other channel blockers such as another PhTX analog, a spider toxin and chlorpromazine competed for binding of analog 2 in the presence of the 43 kDa protein (lanes 12-14). The labeling pattern of the five subunits, with and without the 43 kDa protein, is shown schematically in Fig. 6 . localization of the photoaffinity label by proteolysis The a subunit was photoaffinity labeled with analog 2 in the absence of the 43 kDa protein and subjected to proteolytic mapping studies with Staphylococcus aureusV8 protease [30-321. The radioactive label was found predominantly on the 20 kDa fragment comprising Ser173 to Glu338 (Fig. 7a ) and, to a much lesser extent, on the 12 kDa peptide,Asn339 to Gly437. In a separate experiment, the labeled a-subunit was digested with trypsin followed by SDS-PAGE/autoradiography and mass spectroscopy measurements (fast atom bombardment (FAB) and electrospray, JEOL HX/HXllOA tandem four-sector mass spectrometer). These studies showed that the peptides linked to the PhTX analog 2 had a molecular weight of less than 2.5 kDa [5] . Since all of the membrane-spanning peptides resulting from trypsin cleavage are expected to have molecular weights of much greater than 2.5 kDa [16] , this shows that the azidophenyl moiety does not cross link to moieties inside the membrane-spanning region.
Discussion
The photochemical reactivities of the azidophenyl group in analog 2 are expected to be similar to those normally observed with the aryl azide compounds, which have been well--studied [33] . During UV-irradiation (254 nm), analog 2 is electronically excited and loses N, from the benzoyl azide group, thus generating the reactive nitrene species. The short-lived nitrene radical can covalently cross-link to any nearby amino acid residue; to our knowledge, the relative activity of various residues, although important, has not been systematically investigated. Nitrenes can also rearrange to dehydroazepines which selectively react with amino acids such as Ser, Thr, Lys and Cys. Certain iodinated aromatic azides containing iodine and the azide group in the same ring are not ideal reagents because they also lose iodine during photolysis, however, a compound containing these groups on separate rings has been shown to retain its iodine during irradiation [34] . We believe that this is also the case for N,Ph-12512PhTX-343-Lys (analog 2).
The entire sequence of the nAChR from Torpedo californica has been determined
[16] and used to predict the structure of the receptor [21, 22] (Fig. 8a,b) .The pore is lined by the five M2 segments of the subunits of the nAChR which are arranged is such a manner that six five-membered rings, consisting of one side chain from each polypeptide are present. Three of these are anionic (the top and two bottom rings), one is hydrophobic (comprised solely of leucine residues) and the remaining two are hydrophilic.
Just below the top anionic ring there is a large hydrophobic space, and the leucine ring forms a constriction near the center of the gate. Also depicted in Fig 8a is Fig. 8b ) [22] . Our data support a model in which the binding of the azidobenzoyl group in analog 2 is sterically directed toward the a subunit in the presence of the 43 kDa protein, while the polyamine-Lys chain competes with chlorpromazine for the binding site centered around the constricted site within the membrane-spanning ion channel (Fig. 8a) .
In the photolabeling studies with analog 2, the 20 kDa fragment that carried the bulk of the cross-linked sites (Fig. 7) (Fig. 5a ). We were able, therefore, to exclude the peptide chains residing close to the &BgTX binding site (extracellular chains, Serl73-Pro211 andVal262-Tyr279) from the site of crosslinking in our model. The transmembrane segments Ml, M2 and M3 were ruled out as binding sites on the basis of proteolytic studies on the photoaffinity labeled subunit. This leaves the cytoplasmic loops Thr237-Met243 and Thr298-Glu338 as the site(s) of cross linking to analog 2.The results lead to the proposed model for high-affinity binding of PhTX to nAChR shown in Fig. 8 ; the conformation of bound state PhTX is extended, and the polyamine chain (regions I/II) and the anchoring groups (regions III/IV) are located in different hydrophilic and hydrophobic sites, respectively.
The alignment shown in Fig. 8 accounts for most of the information summarized in Fig. 2 , as detailed below.
Region I In this model, it is possible to line the polyamine ammonium moieties of PhTX-433 against the hydrophilic rings, leading to favorable stabilizations from electrostatic and H-bonding interactions. Thus, the relative disposition and the number of protonated groups on the toxin seem to be important in determining the potency. Here, the ahelical pitch (5.4 A) matches spacing of the methylenes or their equivalents including the amide bond.
The small differences in activity between PhTX-433 (natural, relative activity 1 .O for nAChR and qGluR), PhTX-343 (0.4 for nAChR and 0.8 for qGluR) and PhTX-334 (1.2 for qGlu-R) presumably arise from subtle differences in the matching between the amino functions of the PhTXs and hydrophilic rings (Fig. 8~ ). Bu-433 (Fig. 8c) rather activity is increased in the Phe analog. The systematic change in qGlu-R activity accompanying halogenation ofTyr @-fold enhancement for I,; 1.5-fold for Br,; no change for Cl,; and 0.5 for F) is noteworthy. It is conceivable that this trend is related to polarization of the molecule during binding. The enhanced activity in the iodinated analog not only leads to enhanced affinity but also allows radiolabeling in the last step in the synthesis [24] . Binding of analogs to nAChR, unlike qGlu-R, is not affected by removal of the bulky aromatic moiety.As might be expected from the circular arrangement of the channel aligning subunits, the affinity is independent of whether the configuration of the Tyr group is S or R.
Since the nAChRs used in these experiments are randomly oriented in vesicles or in unsealed vesicles (as planar membrane fragments), PhTX could enter the binding site from either the synaptic or cytoplasmic side of the receptor. The photolabeling studies with azidophenyl analog 2 showed that the azido group crosslinked to the cytoplasmic loop and also to the cytoplasmic 43 kDa protein. Thus, at least under the experimental conditions employed, the scheme in Fig. 8 is reasonable.
In the natural system, however, nAChR is embedded in a sealed electrocyte membrane, and therefore only the synaptic entrance would be exposed to applied PhTX. Thus in the tertiary structure Fig. 8 , it may also be possible that the anchoring group of PhTX rests in the hydrophobic pocket, and that the polyamine lies in the hydrophilic gate (an inversion of the configuration of the toxin in Fig. 8a ). On the other hand, it has been observed that synthetic blocks channels gated by insect Glu-R more efficiently and potently when injected into the cytoplasmic region instead of extracellularly [37] . The increased efficiency of cytoplasmic application of a channel blocker has also been noted for the activity of chlorpromazine against a mouse cell line [22] .The model that we are proposing may, therefore, identify the most stable interaction of toxin with receptor if toxin is allowed to enter from either side. It is also possible that, in viva, the hydrophobic end of PhTX may pass through the open gate and reach the cytoplasmic side. Although the working model presented in Fig. 8 Significance and analogs are potent non-competitive, reversible antagonists of various subtypes of glutamate receptors (GluR) and N-acetylcholine receptors (nAChR). There are at least 60 types of polyamine-amide toxins isolated from venomous spider species, which also potently inhibit neurotransmitter receptors by blocking their internal cation-conducting channels [l] . Since wasp and spider polyamine-amide toxins are structurally similar, and since cation channels gated by GluR or nAChR are presumed to share common characteristics in their architecture of channels, it is not surprising to find that their channel blocking activities are relatively nonspecific.
It is probable, however, that clarification of the mode of toxin binding to various channel subtypes on a molecular level will eventually lead to potent subtypespecific antagonists. The PhTX analogs are useful tools to investigate the tertiary structures of receptors, ligand-receptor interactions, and the pathway by which the ligands enter and block the open channels, because of the ease with which their elongated structures can be manipulated to allow the attachment of various 'tags' at different points along the length of the molecule.
Here, we have used a photolabile analog of PhTX to determine the position and orientation of PhTX binding to the nAChR, in the presence and absence of the 43 kDa cytoplasmic protein. Together with previous results, these results have allowed us to build a model for the interaction of the toxin with the receptor, which proposes that the toxin binds 'head-down' in the gate of the channel, close to the cytoplasm& face-This model can now be tested.
The acetylcholine, GABA, glycine and serotonin gated channels are all homologous and belong to one family [21] ; the GluRs constitute a separate family, but since modifications in the structure of PhTX have the same effect on GluR binding as they do on nAChR binding, it appears that the GluR gate structures have some similarity to the other ion gated channels. Therefore, a model correctly representing the mode of binding between the PhTX analogs and nAChR should be important in understanding toxin binding for all of these receptors. It is even possible that PhTX analogs with high degrees of specificity for GluRs could be used in affinity isolation of GluRs. 
